Although the zebrafish interrenal tissue has been used as a model for steroidogenesis and genesis of the adrenal gland, its specification and morphogenesis remains largely unclear. In the present study, we explored how the Wilms tumor 1 (WT1)-expressing cells are segregated from the SF-1-expressing steroidogenic cells in the zebrafish model. The interrenal tissue precursors expressing ff1b, the equivalent of mammalian SF-1, were derived from wt1-expressing pronephric primordia in the zebrafish embryo. Through histochemistry and in situ hybridization, we demonstrated that the size of functionally differentiated interrenal tissue was substantially increased on global inhibition of the Notch signaling pathway and was accompanied by a disrupted segregation between the wt1-and ff1b-expressing cells. As the Notch pathway was conditionally activated during interrenal specification, differentiation, but not ff1b expression, of interrenal tissue was drastically compromised. In embryos deficient for Notch ligands jagged 1b and 2b, transgenic reporter activity of wt1b promoter was detected within the steroidogenic interrenal tissue. In conclusion, our results indicate that Jagged-Notch signaling is required (1) for segregation between wt1-expressing cells and differentiated steroidogenic tissue; and (2) to modulate the extent of functional differentiation in the steroidogenic interrenal tissue. (Endocrinology 158: 4206-4217, 2017) 
T he ontogeny of the adrenal cortex is closely linked to the embryogenesis of the gonads and kidneys, all derived from the urogenital ridge (1, 2) . The transcriptional regulator Wilms tumor 1 (WT1), which is essential for urogenital ridge development, is also necessary for defining the identity of the adrenal-gonadal primordium (AGP). In humans, WT1 mutations result in congenital abnormalities of urogenital ridge, termed Denys-Drash and Frasier syndromes (3) . Wt1 homozygous knockout mice lack kidneys, gonads, and adrenal glands (4, 5) . In AGP, WT1 expression inhibits steroidogenic differentiation, which, in turn, maintains the progenitor state of AGP cells. AGP-like WT1-expressing cells exist in the adult adrenal cortex (6) . In mice, WT1 interacts with the transcription cofactor CITED2 to stimulate the expression of Sf-1 (Nr5a1) in AGP (7) . The SF-1 protein is an Ftz-F1 member of the nuclear receptor superfamily, which directs AGP development into the course to gonads and adrenal glands but, notably, not to the kidney (8) . An absence of adrenal glands was found in Sf-1 knockout mice that died of adrenal insufficiency (9) . Consistently, a human heterozygous mutation in SF-1 causes adrenal insufficiency and XY sex reversals (10) . The dosage of SF-1 is essential for the transcriptional activation of steroidogenic enzymes and the etiology of adrenal cortex tumorigenesis (11, 12) . The results from these studies suggest that WT1 expression at the AGP is required for activation of SF-1 expression, yet inhibits the steroidogenic differentiation of SF-1-expressing cells. Therefore, the segregation between WT1-and SF-1-expressing cells marks a critical step in the process of adrenal differentiation and steroidogenesis.
Identification of the zebrafish equivalents of WT1 and SF-1 has made it possible to study renal and adrenal genetic disorders using the teleostean model. Two paralogous wt1 genes, wt1a and wt1b, exist in zebrafish and both are required for kidney development (13) . wt1a has an early role in pronephric glomerular formation, and wt1b functions in the nephrogenesis of the definitive kidney (13, 14) . ff1b (nr5a1a) has been characterized as the functional ortholog of SF-1 owing to its restricted expression in interrenal tissue, the counterpart of the mammalian adrenal cortex, and its essential role in interrenal specification, growth, and steroidogenesis (15) (16) (17) (18) . Early interrenal tissues arise as bilateral clusters of nonsteroidogenic ff1b-expressing cells within the pronephric primordia marked by wt1a expression, and both pronephros and interrenal tissue are derived from the intermediate mesoderm (16, 17) . Primordial interrenal cells then migrate out of the pronephros before the initiation of steroidogenesis. After separation, the interrenal and pronephric tissues stay in close proximity, and both undergo medial fusion and morphogenesis, guided by endotheliumderived signals (19) (20) (21) (22) . The AGP population has yet to be defined in the zebrafish. Owing to gene duplication and subfunctionalization, ff1d (nr5a1b) is expressed at the gonadal primordium as another functional ortholog of SF-1. Therefore, the zebrafish model offers the advantage of allowing analysis of the molecular and cellular mechanisms that control the segregation of WT1-expressing and SF-1/Ff1b-expressing cells specifically for the adrenocortical and interrenal lineage. The segregation between wt1a/b-and ff1b-expressing cells, and the steroidogenic differentiation of segregated interrenal cells, remain unperturbed in endothelium-free and endodermless embryos in which severe migration defects of the kidney and interrenal tissues are found (19, 20) . Because wt1a/b expression might restrict the differentiation of primordial ff1b-expressing cells within the kidney field, we hypothesized that the Notch pathway, which mediates lateral inhibition and cell-fate decisions, would play a role in the segregation between wt1a/b-and ff1b-expressing cells before interrenal steroidogenesis.
Little has been reported about the role of Notch signaling in adrenal cortex development and steroidogenesis. In vertebrates, Notch signaling controls a wide range of events to generate cell diversity during organ development. The Notch pathway involves the interaction between the transmembrane DSL [Delta/Serrate(Jagged)/ Lag-2] ligand of one cell and the Notch receptor of a neighboring cell (23) . The Notch receptor undergoes regulated intramembrane proteolysis to release an active intracellular domain (ICD) peptide, which translocates to the nucleus to participate in transcriptional regulation (24) . By interacting with the CSL [CBF-1/RBPJ/Su(H)/ Lag-1] transcriptional complex, the Notch ICD (NICD) initiates a transcriptional cascade that involves the expression of Hes and HRT/HER/Hey transcriptional repressors (23) . Substantial upregulation of Notch ligand Jagged1 was found in all adrenocortical carcinomas, which might activate the NOTCH1 signaling pathway (25, 26) . However, the role of Notch signaling in normal adrenocortical development and steroidogenesis remains unclear. In the present study, we used the zebrafish head kidney, which is composed of the kidney glomerulus and the interrenal tissue, to decipher how Notch signaling might participate in adrenal and interrenal organ formation. We performed a series of experiments, the results of which strongly support a role of the Notch signaling pathway and its components, including rbpj, jagged1b (jag1b), jagged2b (jag2b), notch1a, and notch3, in regulating the segregation between kidney podocytes and interrenal cells. We also explored how a defective segregation of wt1a/b-and ff1b-expressing cells would affect the steroidogenic differentiation of interrenal cells.
Materials and Methods

Ethics statement
The institutional animal care and use committee of Tunghai University reviewed and approved all the zebrafish-use protocols in this research (approval no. 96-05).
Zebrafish strains and culture conditions
Zebrafish (Danio rerio) were raised according to standard protocols (27) . Embryos were obtained by natural spawning and cultured in embryo medium at 28.5°C. Embryo staging was performed as previously described (28 (29) . The heat-shock procedure for hsp: Gal4;UAS:notch1a-intra bigenic embryos was performed for Notch-on effect following the protocol described by Lawson et al. (30) , except that it was applied to embryos at the 21-somite stage when interrenal specification occurs. Monogenic embryos harboring only hsp:Gal4 transgene were treated as controls.
3b-Hydroxysteroid dehydrogenase staining, whole mount in situ hybridization, and densitometry
Histochemical staining for 3b-hydroxysteroid dehydrogenase (3b-Hsd) enzymatic activity was performed on whole embryos according to the described protocol (31) . Whole mount in situ hybridization (ISH) assays were performed as described by Chou et al. (32) . Digoxigenin (DIG)-labeled riboprobes were synthesized from linearized plasmids containing wt1a, wt1b, jag1b, and jag2b and fluorescein-labeled riboprobes from linearized ff1b plasmids. DIG-labeled and fluorescein-labeled probes were detected with alkaline phosphatase-conjugated anti-DIG and anti-fluorescein antibodies (Roche Diagnostics GmbH, Mannheim, Germany), respectively. Expression of wt1a or wt1b was detected with BCIP/TNBT (Millipore, Temecula, CA), of jag1b or jag2b with NBT/BCIP (Promega, Madison, WI), and of ff1b with Fast Red (Roche). Stained embryos from the 3b-Hsd activity assay or ISH were cleared in 50% glycerol in phosphate-buffered saline and subjected to yolk sac removal. The specimens were photographed under Nomarski optics on an Olympus BX51 microscope system.
Analysis of the 3b-Hsd activity and ISH signals was performed according to Marrone and Sebring (33) and To et al. (18) , with modifications. For two-color ISH, fast red fluorescent signals were assessed from image stacks acquired at 8-mm z-steps using a Zeiss Axioplan II microscope equipped with LSM510. Intensity values from the consecutive stacks encompassing the interrenal region were summed to obtain the relative ff1b expression level. After analysis of the fast red signals, the embryos were mounted in benzyl alcohol/ glycerol (5:1), where the blue signal is stable and the red signal rapidly fades out. Elimination of the fast red signal was verified using a fluorescent microscope. To determine the densitometry of 3b-Hsd activity and the BCIP/TNBT or NBT/BCIP signals from ISH, photographs of the embryos from each respective group were taken with identical illumination and magnification using an Axioskop 2 plus microscope equipped with AxioVision, version 3.0, software (Carl Zeiss, Oberkochen, Germany). The density of the respective signal was measured using the Image Gauge Program, version 4.0 (Fujifilm, Tokyo, Japan).
For simultaneous analysis of interrenal steroidogenic activity and GFP fluorescence, the 3b-Hsd staining signals were captured using transmitted light and the fluorescent signals using an Argon 488-nm laser connected to the confocal microscope. Image processing and analysis were performed using LSM 510, version 3.5, software.
Microinjection of antisense morpholino oligonucleotides and plasmids
Morpholino oligonucleotides (MOs) were synthesized at Genetools, LLC (Philomath, OR). The nucleotide sequences of the MOs were as follows: . A 2-mM stock solution was prepared by dissolving lyophilized MO powder in 13 Danieau solution before further dilution to the required concentrations. rbpjMO, notch1aMO, notch3MO, jag1b-utrMO, jag1b-sdMO, jag2b-utrMO, jag2b-sdMO, and STD-MO were injected at a dosage of 0.2, 1.2, 1.2, 1.2, 1.2, 1.2, 1.2, and 1.4 pmole/embryo, respectively. Full length and ICD of zebrafish jag1b complementary DNA were cloned into the pCS2+MT plasmid, and the expression plasmids were injected at a dosage of 25 pg/embryo. MO-and plasmid-containing solutions (2.3 nL) were injected into one-to two-cell stage embryos using a Nanoject (Drummond Scientific, Broomall, PA).
Quantitative reverse transcription polymerase chain reaction analysis
For each experiment, 10 embryos at each stage for analysis were harvested and subjected to total RNA extraction and complementary DNA synthesis using TRIzol™ reagent and SuperScript™ system (Invitrogen, Carlsbad, CA), respectively. The RNA transcripts of cyp11a1, star, podocin, nephrin, and the internal control b-actin were quantified using real-time polymerase chain reaction (PCR). The quantified values were generated from the average results from three independent experiments, and the value of each experiment was from the average of triplicate PCR runs. The primers for real-time PCR were designed using the LightCycler probe design software, version 2.0 (Roche), and are listed in Supplemental Table 1 . Real-time PCRs were performed using the LightCycler FastStart DNA Master SYBR Green I kit and a LightCycler 1.5 PCR machine (Roche).
Statistical analysis
All quantitative data are expressed as the mean 6 standard error of the mean. The Student t test was performed to compare whether the mean values were significantly different between 2 sample groups. Analysis of variance, followed by the Duncan new multiple range test, was used for multiple comparisons among the mean values from more than two sample groups. P , 0.05 was considered statistically significant.
Results
Expression of wt1b and fflb colocalize at the developing head kidney wt1a and wt1b displayed overlapping, but nonidentical, expression patterns during pronephric development. Although the expression of ff1b partially overlapped with that of wt1a before interrenal steroidogenesis (17), whether and how it colocalizes with that of wt1b remains unclear. We therefore analyzed the spatiotemporal expression of ff1b and wt1b genes (Fig. 1A) . The ff1b-expressing cells appeared as bilateral clusters across the midline, which coalesced and migrated out of the wt1b-expressing kidney field. The spatiotemporal model of gene expression patterns depicted in Fig. 1B shows that the expression of ff1b at 24 hpf partially overlaps with that of wt1a and yet fully colocalized with that of wt1b, suggesting a subpopulation of wt1b-and ff1b-coexpressing cells in the kidney region where the interrenal primordium is derived.
Broad inhibition of Notch signaling leads to expansion of 3b-Hsd + interrenal tissue To test whether Notch signaling plays a role in interrenal development, we injected the rbpjMO, which targets both rbpj a and b (37) . The size of steroidogenic interrenal tissue displayed a 1.91-fold increase in rbpj morphants, as the peri-interrenal vasculature remained unperturbed ( Fig. 2A-2A 00 , 2B-2B 00 , and 2G). In contrast to the morphologies of the interrenal tissue in control embryos that indicated continuous morphogenetic movement and growth ( Fig. 2C and 2D ), interrenal morphologies of rbpj morphants at 34 and 52 hpf did not show any relevant difference ( Fig. 2E and 2F ). This implicates premature steroidogenic differentiation and depletion of primordial cells of the interrenal tissue in rbpj morphants.
In line with the results with the rbpj morphants, a 1.75-fold increase of 3b-Hsd activity was observed in mib mutants (Fig. 2H-2L ), in which a strong Notch-off effect was shown in developing tissues (29, 35, (37) (38) (39) . We observed perturbed interrenal laterality in 60.7% and 45.2% of mib mutants and their siblings, respectively, implicating a possible role of Mib protein in patterning organ laterality.
Segregation between wt1a/b and ff1b-expressing cells is disrupted in rbpj morphants
To verify whether the enlargement of steroidogenic interrenal tissue in rbpj morphants was due to morphological changes in the interrenal and renal primordia, we checked the expression of ff1b, together with that of either wt1a or wt1b, using ISH (Fig. 3A-3D) . Consistent with the results of 3b-Hsd activity assay in Fig. 2G , ff1b expression in the interrenal tissue in the semiquantitative ISH assay showed a 1.56-fold increase in rbpj morphants compared with that in controls (Fig. 3E) . Moreover, reverse transcription quantitative PCR analysis of the rate-limiting enzyme of steroidogenesis, cyp11a1, demonstrated a 2.07-fold increase in rbpj morphants (Fig. 3F) . However, the expression of steroidogenic acute regulatory protein (star) was not affected by the rbpjMO, suggesting that the mechanism controlling star expression is distinct from those for other steroidogenic genes and likely independent of the Notch pathway.
The expression domains of ff1b overlapped extensively with those of wt1a and wt1b (Fig. 3B and 3D ) in rbpj morphants, indicating that the interrenal primordia could not be segregated from the pronephros. The expression of wt1a and wt1b at the kidney analyzed by ISH were also semiquantified (Fig. 3E) . The results showed that the expression of both wt1a and wt1b were significantly altered on knockdown of Rbpj, consistent with downregulation of podocin and nephrin as measured using reverse transcription quantitative PCR assays (Fig. 3F) . The results also suggested that a compromised differentiation of pronephric podocytes was associated with defective pronephric-interrenal segregation.
To further check how pronephric-interrenal segregation was perturbed on global inhibition of the Notch pathway, rbpjMO was injected into Tg(wt1b:GFP) embryos (Fig. 3H-3H 00 ) whose glomerular podocytes, pronephric tubules, and proximal pronephric ducts were marked by GFP (13, 40) . Although no wt1b:GFP was detected within the 3b-Hsd + interrenal tissue in controls (Fig. 3G-G 00 ), it could be found in rbpj morphants (Fig. 3H-H 00 ). This is consistent with the ISH results (Fig. 3D) , in which wt1b and ff1b transcripts were fully colocalized in the rbpj morphants. Nevertheless, the wt1b:GFP in rbpj morphants was also detected in the non-3b-Hsd + kidney area, which could be attributed to the enhancer activity of transgene, which does not recapitulate endogenous wt1b expression.
Activation of Notch signaling disrupts 3b-Hsd activity yet enhances ff1b expression To explore how Notch signaling affects interrenal tissue development, Tg(hsp70I:Gal4;UAS:notch1a-intra) and control embryos were subjected to conditional heat-shock and then examined using the 3b-Hsd activity assay (Fig. 4A, 4A 0 , 4B, and 4B 0 ). The 3b-Hsd activity in NICD-activated embryos was reduced to 22% of that in controls (Fig. 4C) . To check whether the reduced 3b-Hsd activity in Notch-on embryos resulted from poor interrenal specification, NICD-activated and control embryos were subjected to ISH analysis to colocalize the expression of ff1b with that of either wt1a or wt1b (Fig. 4D-4G ). Semiquantitative analysis of the ISH signals (Fig. 4H ) revealed a twofold increase in ff1b expression in NICD-activated embryos, indicating that specification of interrenal tissue might be enhanced instead of repressed. In addition, neither the expression of wt1a nor wt1b displayed any substantial difference between the control and NICD-activated embryos, suggesting unaffected specification of pronephric glomeruli. Consistently, the expression of podocin and nephrin were not affected (Supplemental Fig. 1 ). The expression of cyp11a1 was not substantially changed on the Notch activation; however, that of star was reduced to 34% of that of controls (Supplemental Fig. 1 ). The downregulation of star expression and 3b-Hsd activity in Notch-on embryos, together, indicated perturbed steroidogenic differentiation.
Jagged and Notch mediate segregation of kidney and interrenal tissues notch1a and notch3 are broadly expressed in multiple tissues, including the intermediate mesoderm (35) , and jag1b and jag2b are more restrictively expressed in the anterior intermediate mesoderm (35, 41) . Both transcripts of jag1b and jag2b were enriched at the caudal region of ff1b-expressing cluster (Fig. 5A and 5B) at a stage when ff1b + interrenal cells migrate caudally to be segregated from the pronephros (Fig. 1) . We, therefore, hypothesized that notch1a, notch3, jag1b, and jag2b might be required for the segregation between pronephric podocytes and steroidogenic cells.
To examine whether Notch receptors regulate pronephric-interrenal segregation, notch1aMO and notch3MO, either individually or in combination, were The ff1b-expressing cell cluster was well separated from the wt1a-and wt1b-exressing cells in the STD-MO-injected embryo at 34 hpf. (B and D) However, expression domains of wt1a, wt1b, and ff1b almost fully colocalized in the rbpj morphant, which was accompanied by a decrease in wt1a expression and an increase in ff1b expression, as semiquantified in (E). White arrowheads outline the ff1b-expressing domain. (F) Interrenal-specific genes cyp11a1 and star and podocyte-specific genes podocin and nephrin were quantified using reverse transcription quantitative PCR. *P , 0.05; **P , 0.01; ***P , 0.005 (Student t test) injected into Tg(wt1b:GFP) embryos for subsequent analysis of 3b-Hsd activity (Fig. 5C-5F , 5C 0 -5F 0 , and 5C 00 -F 00 ). A combination of notch1aMO and notch3MO led to evident ectopic expression of wt1b:GFP within the 3b-Hsd + tissue; however, either notch1aMO or notch3MO alone did not cause any substantial increase (Fig. 5D 00 -5F 00 ). The percentage of embryos containing wt1b:GFP at the interrenal tissue is shown in Fig. 5K , and the level of wt1b: GFP within the 3b-Hsd + tissue is shown in Fig. 5L . The results indicated that notch1a and notch3 are redundantly required for ensuring segregation of kidney and interrenal tissues.
Individual jag1b or jag2b knockdown by MOs against either 5 0 untranslated regions (jag1b-utrMO and jag2b-utrMO) or splice-donor sites (jag1b-sdMO and jag2b-sdMO) caused ectopic expression of wt1b:GFP within the 3b-Hsd + cluster (Fig. 5G-5G 00 , 5H-5H 00 , 5I-5I 00 , and 5J-5J 00 ). The percentage of embryos displaying wt1b: GFP + steroidogenic tissue (Fig. 5K ) and the intensity of interrenal wt1b:GFP expression (Fig. 5L ) both indicated that jag1b and jag2b function nonredundantly for pronephricinterrenal segregation. However, migration away from kidney glomeruli and coalescence of the 3b-Hsd + cells remained unperturbed in both jag1b and jag2b morphants, in contrast to the notch1a and/or notch3 morphant phenotypes, which displayed defective migration of steroidogenic cells (Fig. 5D 00 -5F 00 ). The activity of 3b-Hsd was decreased in jag1b-sd, jag1b-utr, and jag2b-sd morphants but unchanged in the jag2b-utr morphants (Supplemental Fig. 2 ). The inconsistency of 3b-Hsd activity between jag2b-sd and jag2b-utr morphants might result from the differential action mechanisms of the two MOs. Nevertheless, the decreased 3b-Hsd activity in both jag1b-sd and jag1b-utr morphants suggests a role for Jag1b in promoting steroidogenic differentiation.
Full-length but not ICD of Jag1b rescues jag1b morphant phenotype
In addition to activating the Notch receptor, Jagged1 also undergoes proteolytic cleavage to release its ICD, which is translocated into the nucleus for transcriptional regulation (42, 43) . To understand whether Jag1b mediates interrenal development through transinteractions with Notch or through the Jag1b-ICD-dependent transcription, we tested the effect of expressing full-length Jag1b and Jag1b-ICD separately in jag1b morphants. Plasmids of either full-length jag1b or jag1b-ICD were coinjected with jag1b-utrMO, and the expression of wt1b:GFP within the 3b-Hsd + tissue was assayed (Fig. 6 ). Although interrenal wt1b:GFP expression was increased in the jag1b morphants (Fig. 6B-6B 00 ), the coinjected plasmid of full-length jag1b completely suppressed wt1b:GFP expression in 54.8% of coinjected embryos (Fig. 6C-6C 00 ) to a degree similar to that of controls (Fig. 6A-6A 00 ). This also verified the specificity of the jag1b-utrMO. In contrast, coinjected plasmid of jag1b-ICD did not rescue the defective segregation between wt1b:GFP + and 3b-Hsd + cells (Fig. 6E-6E 00 , and 6F). Coinjected jag1b-ICD further increased the expression of interrenal wt1b:GFP (Fig. 6G) , implicating upregulation of Wt1b by Jag1b-ICD. . 3b-Hsd activity was suppressed and ff1b expression was enhanced in the Notch-on embryo. 3b-Hsd activity in (A and A 0 ) monogenic hsp:Gal4 embryos (no NICD) and (B and B 0 ) hsp70I:Gal4;UAS:notch1a-intra embryos (with NICD) heat shocked at 21 hpf and collected at 35 hpf. (C) Relative levels of 3b-Hsd activity were quantified. Colocalization of ff1b expression (red) with (D and E) wt1a or (F and G) wt1b expression was performed by ISH on (D and F) heatshocked hsp70I:Gal4 (no NICD) and (E and G) hsp70I:Gal4;UAS:notch1a-intra embryos (NICD). The relative expression levels of (D-G) wt1a, wt1b, and ff1b at the midtrunk were semiquantified in (H). *P , 0.05; ***P , 0.005 (Student t test). Figure 5 . The role of notch1a, notch3, jag1b, and jag2b in the segregation between kidney and interrenal cells. ISH analysis showed the colocalization of ff1b transcripts with those of (A) jag1b and (B) jag2b at the interrenal tissue (encircled by white dash lines) of the 26-hpf embryo. (C-J, C 0 -J 0 , and C 00 -J 00 ) MOs against notch1a, notch3, notch1a/3, jag1b, and jag2b were injected individually into Tg(wt1b:GFP) embryos, which were then subjected to 3b-Hsd activity assay at 34 hpf. (C 0 -J 0 and C 00 -J 00 ) 3b-Hsd + tissues are encircled by purple dash lines. (K) The ratio of embryos manifesting defective segregation between pronephric podocytes (PPs) and interrenal tissue (IR), defined by an intensity of wt1b:GFP greater than the background value within the 3b-Hsd + tissue cluster, in all treatment groups. (L) The average intensity of wt1b:GFP within the 3b-Hsd + tissue cluster in all treatment groups, as normalized with the calculated area of 3b-Hsd + tissue cluster. Different letters above the histograms indicate statistically significant differences (analysis of variance and Duncan new multiple range test; P , 0.05). (M) A schematic diagram depicting the presence of wt1b + cells within the 3b-Hsd + interrenal tissue in the jag1b and jag2b morphants.
Discussion
Both broad inactivation and activation of the Notch pathway led to upregulation of ff1b expression in the interrenal tissue (Fig. 3A-3E and Fig. 4D-4H ). However, steroidogenic differentiation of the interrenal tissue displayed opposite trends in that it was enhanced in Notchoff and reduced in Notch-on embryos ( Fig. 2 and Fig. 4A-4C ; summarized in Supplemental Fig. 3A) . The disrupted segregation between wt1a/b-and ff1b-expressing cells in rbpj morphants did not lead to inhibited steroidogenesis, in contrast to the finding that WT1 serves to inhibit steroidogenesis at the AGP (6). In contrast, the poorly differentiated ff1b + cells in Notch-on embryos were successfully segregated from the wt1a/bexpressing cells, suggesting that the ff1b + cells might be "locked" at a primordial or less-differentiated state. In mouse ovarian follicles, Notch signaling positively regulates the growth of somatic cells (44) but inhibits the follicle-stimulating hormone-regulated activation of steroidogenic gene expression (45) . The binding sites of Notch downstream effectors are present at the promoters of steroidogenic genes (45) . Therefore, overproduction of Notch downstream effectors in the interrenal ff1b + cells might directly repress the transcription of steroidogenic genes. Summarizing the results of global inactivation and activation of the Notch pathway, we have concluded that Notch activity is required for segregation between wt1a/ b-expressing and ff1b + cells and to limit the steroidogenesis of ff1b + cells during early interrenal specification. Our results further indicate that Jagged-mediated Notch signaling is essential for the segregation between podocytes and steroidogenic interrenal cells. Both jag1b and jag2b were required to repress wt1b promoter activity in the differentiating interrenal cells. In contrast, forced expression of jag1b-ICD increased wt1b promoter activity (Figs. 5 and 6 ). These results imply that repression of Wt1b expression by Jagged might occur through the transinteraction between Jagged and Notch, leading to generation of NICD. The Jag1b-ICD released inside the signaling cell had a reverse activating effect on wt1b promoter activity (hypothesized model depicted in Figure 6 . Effect of coinjecting jag1bMO and the expression plasmid-containing jag1b or jag1b-ICD on the steroidogenic interrenal tissue. (A-E, A 0 -E 0 , and A 00 -E 00 ) jag1b-utrMO and the pCS2 + expression plasmid of jag1b or jag1b-ICD were coinjected into Tg(wt1b:GFP) embryos, which were then subject to 3b-Hsd activity assay at 34 hpf. The colocalization of wt1b:GFP and 3b-Hsd activity signal (encircled by purple dash lines) was performed to evaluate the segregation between wt1b:GFP + pronephric podocytes (PPs) and steroidogenic interrenal cells (IR); (F) ratios. (G) The average intensity of wt1b:GFP within the 3b-Hsd + tissue cluster in all treatment groups, as normalized with the calculated area of 3b-Hsd + tissue cluster. Different letters above histograms indicate statistically significant differences (analysis of variance and Duncan new multiple range test; P , 0.05).
Supplemental Fig. 3B ). In HEK293 cells, ICD of Jagged1 inhibits Notch1 signaling by reducing the stability of Notch1 ICD (42) . Therefore, the Jag1b-ICD-induced upregulation of wt1b promoter activity might result from reduced activity of NICD. The upregulation of Wt1b by Jag1b-ICD during the segregation process possibly prevents the steroidogenic differentiation of ff1b + Jag1b + cells, thus, maintaining the primordial status of this cell pool. The model shown in Supplemental Fig. 3B might also explain the dynamic pattern of jag1b and jag2b expression. The expression of jag1b/2b is abundantly distributed at the anterior intermediate mesoderm before the onset of ff1b expression (35, 41, 46) and extended to the caudal side of the ff1b + tissue during interrenal specification ( Fig. 5A and 5B). The Jagged-Notch positive transcriptional feedback serves to propagate jag1b expression during zebrafish craniofacial patterning and Serrate1 expression in chick inner ear development (47, 48) . We hence speculated that jag1b/2b messenger RNA expression might be activated by Jagged-Notch transcriptional feedback at the "interface" of kidney-interrenal segregation. Jag1b might also regulate cell proliferation at the interrenal tissue (Supplemental Fig. 2) , consistent with the finding in Y1 mouse adrenocortical cells that Jagged1 enhances cell proliferation by activating the Notch pathway (25) . Both extracellular and intracellular domains of Jagged after proteolytic cleavage are required for propagation of Notch-dependent T-cell acute lymphoblastic leukemia (49) . The differential knockdown effects of Notch and Jagged molecules on the size of steroidogenic tissue further support that Jagged, not only activates NICD through transinteractions with Notch, but also functions through proteolytic cleavage of Jagged.
The spatiotemporal expression of wt1a, wt1b, ff1b, and steroidogenic genes imply a sequential mode of transcriptional activation (Fig. 1) (17, 18, 36) . The expression patterns of wt1a/b and steroidogenic enzyme genes at the head kidney appear to demonstrate a mutually exclusive relationship, suggesting a role of wt1a/b in maintaining the primordial status of ff1b-expressing cells. However, in the morphants deficient of rbpj, notch1a/3, jag1b, and jag2b, wt1b:GFP was present in the 3b-Hsd + interrenal tissue. This, therefore, implies that the regulatory activities of Wt1b in the wild-type and Notch-activity-deficient embryos might be differential. WT1 regulates a wide spectrum of gene targets by recruiting different transcriptional coactivator or corepressor complexes (50) . The downregulation of WT1 is essential for the differentiation of SF-1 + adrenocortical progenitors in mice, suggesting that WT1 functions as a repressor for steroidogenic genes partnering with SF-1. The putative repressor activity of Wt1b on steroidogenesis was altered in rbpj, notch1a/3, jag1b, and jag2b morphants, suggesting that a loss of Rbpj or NICD could modify the corepressor complex recruited by Wt1b. In the zebrafish podocyte progenitors, Wt1a physically interacts with the complex composed of Rbpj, NICD, Foxc1a, and Mastermind-like for activation of the Notch target gene but interacts with Rbpj for repression of Notch targets in mature podocytes (51) . Therefore, the repressor function of Wt1b on Ff1b-mediated steroidogenic genes might be dependent on the presence of the Rbpj/NICD complex.
The rbpj and notch1a/3 but not jagged morphants are defective in terms of the migration of steroidogenic cells ( Figs. 3 and 5; Supplemental Fig. 3 ). This suggests that the migratory activity of steroidogenic cells might have a lower functional threshold requirement for Notch activation than that of pronephric-interrenal segregation. Different thresholds for Notch activity are known to regulate hindbrain boundary formation and somite segmentation (52) . It is likely that the strength and/or duration of Notch activity in rbpj morphants is lower than that in jagged morphants. It is possible that additional Notch ligands, other than Jag1b and Jag2b, functioning at earlier stages of development, contribute to the Notch activity required for the migratory actions of interrenal cells.
In conclusion, our study has underscored the role of the Notch pathway in regulating (1) the ability of ff1b + cells to differentiate into steroidogenic cells; and (2) the segregation between podocytes and steroidogenic interrenal cells. The conservation of these functions modulated by the Notch pathway during mouse adrenal-gonadal development is conceivable but yet to be determined. Table   Peptide 
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